ABSTRACT The decomposition of halons remains controversial concerning the branching between radical and molecular products. The latter channel, where it has been found, is presumed to occur via a constrained symmetric multicenter transition state. Isomerization pathways in the gas-phase chemistry of halons have rarely been considered, despite the fact that the iso-halons, which feature a halogen-halogen bond, are widely recognized as important reactive intermediates in condensed phases. In this Letter, detailed calculations and modeling of the unimolecular decomposition of several important halons, including CF 2 Cl 2 , CF 2 Br 2 , and CHBr 3 , reveal that isomerization is a key pathway to molecular products. This path is important for both halons and their primary radicals as the barrier to isomerization in these compounds is typically isoenergetic with the threshold for bond fission.
H alocarbons such as chlorofluorocarbons (CFCs) are famous for their role in ozone depletion, 1 and due to their past widespread industrial use, it is crucial to understand the pathways for their decomposition. Perhaps surprisingly, the decomposition of simple halons such as CF 2 Cl 2 , CF 2 Br 2 , and CHBr 3 remains controversial concerning the branching between radical and molecular products. The latter channel, where it has been found, is usually assumed to involve a constrained symmetric multicenter transition state, which has not been identified computationally. 2 The iso-halons are well-known condensed-phase reactive intermediates that possess a halogen-halogen bond; [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] yet, few studies have suggested a role for these species in the gas-phase chemistry of halons. In recent studies of the multiphoton dissociation of the halons CHX 3 and CX 4 , (X = Br,I), Quandt and co-workers suggested on the basis of secondary evidence a mechanism that involved the isospecies. 16, 17 However, to date, conclusive evidence has not been provided for the role of isomerization in the thermal or photoinitiated decomposition of halons.
Our interest in this topic began in recent studies of the spectroscopy and photochemistry of the weakly bound iso-CF 2 X 2 (X = Br, I) species, which were trapped in Ar and Ne matrixes at 5 K. 18, 19 Excitation into the intense near-UV band of iso-CF 2 Br 2 resulted in back-isomerization to CF 2 Br 2 , 19 and intrinsic reaction coordinate (IRC) calculations showed that a first-order saddle point connects the two minima. We have explored what relevance this isomerization might hold for the gas-phase chemistry of halons, and in this Letter, we show through detailed calculations and modeling that isomerization is a key pathway to molecular products in the gas-phase decomposition of halons. This finding is of general utility as the isomerization barrier in halons and their primary radicals is typically isoenergetic with the threshold for simple bond fission.
The thermal decomposition of CF 2 Cl 2 (Halon 122 or CFC-12) has been well-studied; 2, [20] [21] [22] [23] [24] [25] however, in our opinion, the seminal experiment with respect to the existence of a molecular channel was reported in 1982 by Y. T. Lee and coworkers, who examined the infrared multiphoton dissociation (IRMPD) of CF 2 Cl 2 under collision-free conditions in a molecular beam using a universal mass spectrometric detection. 21 Two different reaction channels were observed, (i) a radical channel forming CF 2 Cl þ Cl and (ii) a molecular channel forming CF 2 þ Cl 2 . The energetic thresholds of these channels were determined to be equal (80 kcal/mol) to within the experimental precision of (4 kcal/mol, and at the estimated average internal energy of 88 kcal/mol, the yield of the molecular channel was ∼10%. This was consistent with earlier IRMPD studies that reported yields of 3-15%. 20, 24 It was assumed in this work that the molecular channel proceeded via a symmetric three-center transition state (TS); however, we will show that all of these findings are consistent with isomerization as the pathway to molecular products. 26 We began by examining stationary points on the CF 2 Cl 2 potential energy surface (PES). The structures of all relevant species, including CF 2 Cl 2 , iso-CF 2 Cl 2 , the isomerization transition state, CF 2 , Cl 2 , and CF 2 Cl, were optimized at the MP2/augcc-pVTZ level. Spin-unrestricted wave functions were used for open-shell species, and vibrational frequencies were calculated to ensure that stationary points corresponded to the expected minima (all real frequencies) or first-order saddle point (one imaginary frequency). The stability of the MP2 wave function for the isomerization transition state was tested, and the single determinant reference was found to be stable. Subsequently, single-point energy calculations on the MP2-optimized structures were performed at the CCSD(T)/aug-ccpVTZ level. The results of these calculations are shown in Figure 1 , and the geometries of all optimized structures are provided in Table 1S in the Supporting Information.
From Figure 1 , we see that the calculated threshold energies for the radical and molecular channels, 78.9 and 71.3 kcal/mol, respectively, are in excellent agreement with literature values of 80 and 73 kcal/mol. 21 In addition, the calculated energy of the isomerization transition state lies only 1.1 kcal/mol above the radical threshold, consistent with the result of Lee and co-workers, who found that the thresholds for radical and molecular channels were equal to within 4 kcal/mol. IRC calculations at the MP2/aug-cc-pVTZ level, shown as the inset in Figure 1 , confirm that the putative isomerization transition state connects the minima corresponding to the two isomeric forms of CF 2 Cl 2 . We emphasize that an extensive computational effort was made to locate a symmetric three-center transition state for the molecular channel; however, all attempts to locate this TS either failed to converge or converged to the isomerization transition-state structure shown in Figure 1 . Similarly, Bacskay and co-workers attempted but failed to locate a first-order saddle point for dihalogen elimination in CF 2 X 2 (X = Cl,Br).
2 A prior theoretical study had identified a barrier for elimination lying ∼38 kcal/mol above the radical threshold; 27 however, the order of that saddle point was not determined. We conclude that if a symmetric threecenter TS for elimination exists, it must lie at higher energy.
We next modeled the relative reaction rates for the radical and molecular (isomerization) channels using microcanonical transition-state (RRKM) theory as implemented in the CHEMRATE program. 28 In the RRKM treatment, 29 the microcanonical rate constant at a given energy is represented by the expression
The numerator in eq 1 reflects the number of open channels at the transition state at a given energy above the critical reaction threshold (E 0 ), and the denominator is the density of reactant states at that energy. Two different RRKM calculations were performed. In the first, the transition-state structure of the radical channel at the energies probed by Lee and co-workers was obtained by fixing one C-Cl bond length at a critical distance, set at the top of the centrifugal barrier, and optimizing all other coordinates. The second calculation was based on a restricted-rotor Gorin model, 30, 31 similar to that used in a study of the thermal decomposition of CF 2 Cl 2 .
25 All MP2 vibrational frequencies were scaled by a factor of 0.96; 32 full details of the input to the rate calculations are provided in Table 2S in the Supporting Information. The upper panel of Figure 2 shows the calculated microcanonical rate constants k(E) as a function of energy (in cm ) for the radical and molecular channels from the first RRKM calculation, while the lower panel gives the energy dependence of the percent yield of molecular products. The rate constants derived for the molecular channel are, strictly speaking, for isomerization; however, the isomer, once formed, will not be stable with respect to dissociation via either Cl-Cl or C-Cl bond cleavage (Figure 1) . Here, we assume a unit quantum yield for the formation of molecular products following isomerization, which should be a good approximation for energies near threshold ( Figure 1) ; however, as a result, the yield of the molecular channel shown in Figure 2 is an upper limit.
It is seen from the top panel in Figure 2 that the radical channel dominates at all energies. At an energy characteristic of the estimated mean energy in the Lee experiments, 8 kcal/mol above the radical threshold or 30800 cm -1 , the calculated yield of molecular products is ∼3%, compared with the 10% experimental yield estimated by Lee and co-workers. Calculations using the second RRKM model gave a similar yield. While our estimate is low compared with that from the Lee experiment and on the lower end of the range suggested by the IRMPD studies, 20, 24 we consider the level of agreement to be very reasonable given the sensitivity of this yield to the relative energetic thresholds of the two channels. For example, lowering the barrier to isomerization by 1 kcal/mol doubles the yield of the molecular channel at this energy, which may suggest that our calculated isomerization barrier is slightly too high.
In a detailed study of the shock-wave-induced thermal decomposition of CF 2 Cl 2 in the temperature range from 1446 to 2667 K, Wagner and co-workers found that the quantum yield for Cl formation was 2.03 ( 0.13, which reflected efficient secondary dissociation of the CF 2 Cl radical (bond energy = 49 kcal/mol). 25 Although they concluded that Cl 2 was not formed, their result is not necessarily at odds with the present work since at higher energies, the isomer will decay to both radical and molecular products (Figure 1) , which lowers the yield of the molecular channel. To illustrate, we extended our RRKM calculations to an energy corresponding to the threshold for secondary dissociation of CF 2 Cl and included a second step to model the decay of the isomer, which would be born with ∼60 kcal/mol of energy. In this calculation, separate scans along the C-Cl and Cl-Cl coordinates were initially performed at the MP2/6-31G(d) level, and the structures corresponding to the maxima along these paths were then optimized at the MP2/aug-cc-pVTZ level, with subsequent single-point energy calculations performed at the CCSD(T)/ aug-cc-pVTZ level. Details of the input to the rate calculations are provided in Table 3S in the Supporting Information. These calculations predict a reduced yield of molecular products (<1%) at this energy, which lies well within the uncertainty of the shock tube measurements.
Thus far, we have shown that an isomerization pathway to molecular products is consistent with experimental observables in the IRMPD of CF 2 Cl 2 . For the closely related CF 2 Br 2 (Halon-1202) system, Lee and co-workers also examined IRMPD under collision-free conditions but did not observe Br 2 as a product. 33 Figure 3 displays the stationary points on the CF 2 Br 2 PES, calculated at the CCSD(T)//MP2/aug-cc-pVTZ level of theory and corrected for zero-point energy. The CF 2 Br 2 PES is qualitatively similar to that shown for CF 2 Cl 2 in Figure 1 ; however, one important difference is the relative energetic threshold for the bond fission and isomerization channels. In this case, the isomerization threshold lies 4.3 kcal/mol higher, which has a dramatic effect on the yield of the molecular channel. Using the approach described above, with details and rate data provided in Tables 4S and 5S and Figure 1S in the Supporting Information, we calculate that at the estimated excess energy (7 kcal/mol) of the IRMPD experiments of Lee and co-workers, the yield of the molecular channel is ∼0.4%, roughly 1 order of magnitude smaller than that predicted for CF 2 Cl 2 . This is consistent with the Lee experiment, where Br 2 was not detected. 33 We emphasize that, while other IRMPD experiments have reported a larger yield of the CF 2 þ Br 2 channel, this has typically been inferred from measurement of the CF 2 product. 34, 35 The isomerization channel considered here will be of general importance in the decomposition of polyhalons since the isomerization barrier is typically isoenergetic with simple bond fission. To illustrate, we consider bromoform (CHBr 3 ), a model halon that originates primarily from biogenic sources and is a primary producer of bromine in the troposphere and midlatitude lower stratosphere. [36] [37] [38] [39] [40] [41] In contrast to the preceding examples, it is the photochemical decomposition of bromoform that has seen much controversy concerning the branching between radical and molecular products. Excitation in the near-UV accesses n-σ* transitions that lead to rapid C-Br bond cleavage; 42 however, the formation of Br 2 has also been reported, with quantum yields ranging from 0.16 at 266 nm and 0.26 at 237 nm. 43, 44 This was suggested to involve internal conversion to the ground state and subsequent passage over a three-center TS leading to CHBr þ Br 2 products, calculated to lie 93.1 kcal/mol above the reactant. 44 However, North and co-workers have examined the photolysis of bromoform at 266 and 193 nm and conclude that Br 2 is not a primary photoproduct, 45, 46 which is supported by another recent experiment. 47 We have recently characterized the isoCHBr 3 species and found a facile photoisomerization pathway similar to that described above for the iso-CF 2 X 2 species (Reid et al., unpublished results). Figure 4 displays stationary points on the CHBr 3 PES calculated at the CCSD(T)//MP2/aug-cc-pVTZ level of theory and corrected for zero-point energy. Note that the calculated isomerization barrier lies ∼4 kcal/mol below the radical channel and is more than 30 kcal/mol lower in energy that the three-center transition state calculated by Lin and coworkers. 44 In this case, the isospecies is more strongly bound and lies ∼38 kcal/mol below the threshold for the molecular channel. For completeness, we have shown the asymptotic energy of the CBr 2 þ HBr channel; however, we did not locate a saddle point corresponding to this elimination process and conclude that it must occur over a three-center TS lying at higher energies. Note also that in bromoform, the radical 2010, 1, 3090-3095 pubs.acs.org/JPCL channel lies much lower in energy than the threshold for molecular products, and therefore, at energies near threshold, the isomer can only decay via Br-Br bond cleavage, indicated by the dashed line in Figure 4 . Our calculations find no barrier for this process (Reid et al., unpublished results).
There is, as of yet, no evidence for the direct importance of isomerization in the photochemical (as opposed to thermal) decomposition of halons; however, an internal conversion pathway leading to the ground-state surface could access the isomer. 44 In order to model the relative yield of radical versus molecular products from such an event, we conducted a twostep rate calculation; details are provided in Tables 6s and 7s and Figures 2s and 3s in the Supporting Information. First, at a given total energy of 115 kcal/mol, which corresponds to an excitation wavelength of 248 nm, we calculated the microcanonical rate constants for dissociation and isomerization of the CHBr 3 parent. Second, we treated the subsequent decay of the iso-CHBr 3 statistically, noting that the isomer would be born with an energy of ∼66 kcal/mol, and calculated the rate constants for dissociation of the isomer to molecular and radical products using a similar approach to that described above for CF 2 Cl 2 . Consistent with the energetic thresholds shown in Figure 4 , our calculations predict ∼4% branching to molecular products. Thus, while isomerization on the groundstate surface will lead to molecular products, the yield is relatively small, and, because the quantum yield for internal conversion following UV excitation is by no means unity, this mechanism cannot explain the 16-26% yield of Br 2 reported in some previous photochemical studies. 43, 44 Finally, isomerization may also be important in the decomposition of primary radicals derived from halons. To illustrate, Figure 5 displays calculated (CCSDT//MP2/aug-cc-pVTZ) stationary points on the CHBr 2 PES. To our knowledge, the isoCHBr 2 radical has never before been considered in the literature; however, our calculations show that it is a minimum on the PES which is bound by ∼8.6 kcal/mol. As found for the parent halon, bromoform, the barrier to isomerization in the radical is essentially isoenergetic with that for bond fission, calculated to lie lower in energy by ∼2 kcal/mol at this level of theory.
In summary, we have demonstrated that isomerization is a key pathway to molecular products in the gas-phase decomposition of halons. Our results indicate that the isomerization pathway will be of general importance for both halons and their primary radicals as the barrier is typically isoenergetic with the threshold for simple bond fission. Once formed, the isomer can decay to either radical or molecular products. For bromoform, the radical channel is favored; however, this will not always be the case. For example, in CFBr 3 , the molecular and radical channels are nearly isoenergetic due to the greater stability of the carbene cofragment. In condensed phases, isomerization will be more important as preferential solvation of the ion-pair-dominated transition-state structure for isomerization will result in a significant lowering of the barrier.
COMPUTATIONAL METHODS
All calculations were performed using the Gaussian 09 or GAMESS suites of electronic structure programs on the Teragrid or MU Pere cluster. 48, 49 Unconstrained geometry optimizations and frequency calculations were performed using postHartree-Fock (MP2) methods in combination with Dunning's correlation consistent aug-cc-pVTZ basis set. All MP2 frequencies were scaled by a factor of 0.96. 32 The stability of the MP2 wave function at the transition state was tested, and the single reference wavefunction was found in all cases to be stable. Single-point energy calculations on the MP2-optimized structures were carried out at the CCSD(T)/aug-cc-pVTZ level.
SUPPORTING INFORMATION AVAILABLE Seven tables and
three figures detailing the input into and results from microcanonical rate constant calculations for CF 2 Cl 2 , CF 2 Br 2 , and CHBr 3 . This material is available free of charge via the Internet at http://pubs.acs.org.
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